Abstract-This paper presents a new generalized path loss equation that takes in to account both small-scale multipath fading as weD ·as large-scale path loss including lognormal shadowing. The probability density function (pdf) of the signal to interference ratio (SIR) for wireless networks with Nakagamim channel model is analytically derived using the new path loss equation. We choose the Nakagami-m channel fading model because it encompasses a large class of fading channels. Using convolution, Fourier or MeDin transforms, the results obtained for a single interference scenario can be extended to multiple interference scenario. The results presented show good agreement between the analytical and Monte Carlo based methods.
I. INTRODUCTION
In a wireless communication environment characterized by dynamically-varying channels, high influence of interference, bandwidth shortage and strong demand for quality of service (QoS) support, the challenge for achieving optimum spectral efficiency and high data rate is unprecedented. One of the bottlenecks in achieving these goals is modeling of the propagation environments [1] .
The commonly used radio propagation models only account for the large scale path loss [2] or only multipath propagations [3] , which are incomplete for studying realistic system deployment scenarios. The authors in [3] calculate the capacity of Nakagami multipath fading (NMF) channels assuming that the carrier-to-noise ratio (CNR) is gamma distributed. This assumption neglects the effects of shadowing and large scale path loss. This paper presents an "exact" pdf derived from a model which is more closely related to a realistic deployment scenario. With the results provided here, it is possible to calculate more precise capacity figures. Moreover since the new path loss model takes into consideration the interaction of the system or data link layer with the physical layer (PHY), it is particularly important in studying the cross-layer interaction between MAC and PHY layer.
The general approach of cross-layer design is to maintain the already established layered architecture, capture the important information that influences other layers, exchange the information between layers and implement adaptive protocols and algorithms at each layer to optimize the system performance [4] .
Adhering to the idea of cross-layer solutions, many researchers are working towards finding viable cross layer de- Cohen proposed a generalized analytical framework for crosslayer design focusing on resource allocation in the presence of multi-access fading channels [5] . Ahn [6] uses the information from the medium access control (MAC) layer to do rate control at the network layer.
Cross-layer design relies on channel quality information. The channel quality can be captured by a single parameter, namely the received SIR. The SIR between two communicating nodes will typically decrease as the distance between the nodes increases, and will also depend on the signal propagation and interference environment. Moreover, the SIR varies randomly over time due to the propagation environment and interference characteristics. Therefore modeling the SIR on the assumption of the cellular structure and the well known path loss model that ignores the small scale fading would not be applicable to self-configuring cross-layer design. Therefore analytical derivation of the pdf of SIR is a crucial step in constructing efficient cross-layer design.
Tellambura in [7] uses a characteristic function method to calculate the probability that the SIR drops below some predefined threshold (probability of outage) under the assumption of Nakagami fading. Zhan [8] also uses a similar characteristic function approach to derive outage probability for multiple interference scenario. These papers give a significant advantage in reducing the computational complexity involved in solving multiple integrals in SIR computation. But, a major shortcoming of these and other similar papers [9] is that, only the small scale fading (physical layer) or large scale fading (data link layer) is considered in analytically deriving the SIR statistics.
To the best of our knowledge, there has not been any work done to analytically derive the pdf of the SIR using the three mutually independent phenomena: multipath fading, shadowing and path loss together.
The rest of this paper is organized as follows. In Section II the system model considered is presented and in Section III the analytical derivation is described in detail. Section IV provides the numerical and the simulation results. Section V concludes the paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
For simplicity the cell layout used to derive the pdf of the SIR assumes circular cells, as shown in Fig. 1 , with maximum cell radius R e instead of hexagonal cells. The cells are randomly positioned resulting in potentially overlapping cells. Randomly positioned cells model an important network scenario, which lacks any frequency planning as a result of self-configuring and self-organising networks, cognitive radio and multihop ad hoc communication. A receiver experiences interference from transmitters within its accessibility radius, Rae. Due to propagation path loss, a transmitter outside the accessibility region incurs only a negligible interference. Since the aim is to model a realistic interference limited environment, the receiver accessibility radius is taken to be much greater than the cell radius i.e Rae » R e . The dashed line in Fig. 1 represents the interference link between transmitter, Tx x, and receiver, Rx y while the solid line shows the desired link between transmitter Tx x and receiver Rx x and vise versa. The pdf is calculated assuming one uniformly distributed interfering user. The results obtained can be easily extended to multiple interfering users. Throughout the paper omni-directional antennas with unity gains are considered. a double subscript xy specifies the link between node x and node y For a single interfering user j:
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Assuming fixed and constant transmit powers, Pi P j = const, (1) simplifies to:
G j
This equation can be expressed in terms of path losses, where
The generalized path loss model for the cross layer environment is given by: system level/link layer physical layer
large scale path loss small scale fading
Where C is a environment specific constant, The distance do is a constant and d is a random variable, r is the pathloss exponent,~is the random component due to shadowing, For the interference scenario described in the system model, the path loss for the desired path and the path loss between the interfering transmitter and the vulnerable receiver (interfering link) are: 
III. ANALYTICAL DERIVATION OF THE PDF OF THE SIR
In an interference limited environment, the received signal quality at a receiver is typically measured by means of achieved SIR, which is the ratio of the power of the wanted signal to the total residue power of the unwanted signals. let P denote the transmit power. G denotes the path gain and Gj is the link gain between the interfering transmitter and the vulnerable receiver. For the purpose of clarity, unless otherwise stated, a single subscript x, i, j or y specifies the node, and modeling the channel fading. For the purpose of clarity, the time and frequency dependencies are not shown. The channel envelope is assumed to follow the Nakagami-m distribution. Nakagami distribution is a general statistical model which encompasses Rayleigh distribution as a special case, when the fading parameter m = 1, and also approximates the Rician distribution very well. In addition, Nakagami-m distribution will also provide the flexibility of choosing different distributions for the desired link and interfering link, such as the Rayleigh (15) for and IHxy I. In order to analytically derive the pdf of the SIR, the pdf of the individual components and also their ratios and products need to be determined first.
1) Pdf of the ratio of the propagation loss:
It is assumed that the distance between an interfering transmitter and vulnerable receiver, d xy , is uniformly distributed up to a maximum distance of Rae, and that the distance between an interfering transmitter and intended receiver, d x , is uniformly distributed up to a maximum distance of R c . Therefore <Px and <Pxy are both functions of random variables, and their pdfs can be derived using the following random variable transformation [10] .
Using (14) , the pdf of the ratio of the propagation loss, <P =~::" is found to be,
The next step in deriving the pdf of the SIR is to find the pdf of the ratio of the lognormal shadowing. (14) Let f4.>x (x) and f4.>xy (xy) denote the pdfs of <pxand <Pxy . Then employing the transformation (8), f4.>x(x) and f4.>xy(xy) are derived as fz(z) = Jfx(z/x)fy(x)(l/Ixl)dx (13) Given two independent random variables Y and X the pdf The last components remaining from (7) are the random variables modeling the channel envelop and their ratios.
2) Pdf of the

fz(z) = Jfx(x)fy(zx)lxldx
3) Pdf of the ratio of the channel envelope:
In order to accommodate different channel fading distributions, Nakagamim distribution was used to model the channel envelope.
The Nakagami-m pdf is given by:
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Using (13) and (14) the pdf of the ratio of Nakagami channel
Vxy 2 fA xy (y) == ------yvXYS ince the ratio of two independent lognormal random variables is itself a lognormal distributed random variable. Therefore the pdf of A =~: is:
4.>xy = R2 aelxy
The following two formulas provide the basic framework for the analysis and will be used throughout the derivation. Given two independent random variables X and Y the pdf of
Idt3) I~=F-l(8)
Where 0 and 8 are random variables with pdfs p(0) and p (8) respectively, and where 0 is a function of F (8) The mathematical representation of the pdfs of d x and dxy are envelopes, W= IIJ::~I is: where ml = m2 = 1, which corresponds to the most common communication channel model Rayleigh distributions. These parameters are summarized in Table 1 -III. Fig. 2 depicts three different plots depending on the IJi-cc.
As the cell radius, R c , increases, the average received power decreases as well. Which in tum leads to lower SIR mean value. From Fig. 2 it could also be seen that small cell radii, or short hops result in significantly improved SIR even if a strong interferer is permitted within the cell area i.e., no limitations are imposed on the location of the interferer (for example, exclusion region realised by the time multiplexed busy burst protocol [12] 
IV. RESULTS AND DISCUSSION
Monte Carlo simulations are carried out in order to validate the analytically derived pdf. Fig. 2 and Fig. 3 show plots of the pdf of the SIR fSIR (() for different scenarios. The results presented in Figs. 2-4 show that the analytical pdf is in agreement with the Monte Carlo simulation. As a result of the numerical integration error, there are minor differences observed at the peak of the pdf plots. The parameters used for the shadow fading and channel standard deviation and path loss exponents reflect a realistic deployment scenario for users moving at a speed of 25 to 40 kmIh [11] . All simulations assume a channel envelope with a Nakagami distribution for m x = m xy = 1 the ratio of the Nakagami-distributed channel is same as the ratio of two independent Rayleigh distributed envelopes. The final step in the derivation of the pdf of the SIR is deriving the product of the above obtained pdfs.
4) Pdf of the SIR:
As shown in (7) and the subsequent paragraphs, the pdf of the SIR is the product of the three individual random variables, <I>, A and w. Using the pdfs in (15), (18) and (21) and the product rule in (13) , the final pdf of the SIR is presented in (22) where ql = ..1--2m xy -1, q2 = -2 -2m xy -1, lXY lX 'Yxy = 4. The radius of the cell, R e , is set to 1 km, which is considered a good configuration example for cellular ad hoc networks [13] . The accessability radius, Rae is assumed to be 5 km. The results illustrate that the link with the best line-ofsight (LOS) condition, 'Yx = 'Yxy = 2, has the lowest mean and the biggest variance or spread. While the link with the poorest line of sight condition exhibits the highest mean and the smallest variance or spread of all. These differences in means and variances can be attributed to the higher interference contribution of interfering node in LOS link than that in non-LOS condition.
in interference experienced by the highly non-LOS condition between the desired and interfering link. Fig. 4 it can be observed that for the simulation scenario where 'Yx = 2, 'Yxy = 4, a = 10 dB and a target SIR of 25 dB, being a reasonable assumption for 64-QAM modulation [14] , the probability that the SIR is below the target SIR is about 15%, resulting in a high outage probability for 64-QAM, enforcing the use of lower order modulation schemes. On the other hand, the link with severe non-LOS condition on the interference link, 'Yx = 2, 'Yxy = 3 and a = 6 dB enjoys a better outage probability of about 8%. Therefore from the results in Fig. 4 it can be shown that the system outage probability considerably decreases passing from less severe non-LOS propagation conditions (e.g. 'Yxy == 3) to practical non-LOS conditions ('Yxy = 4). This is due to the reduction 
